Endotoxins are an important biological component of particulate matter and have been associated with adverse effects on human health. There have been some recent studies on airborne endotoxin concentrations. We collected fine (PM 2.5 ) and coarse (PM 10-2.5 ) particulate matter twice on weekdays and weekends each for 48 hour, inside and outside 55 homes in an urban city in Japan. Endotoxin concentrations in both fractions were measured using the kinetic Limulus Amebocyte Lysate assay. The relationships between endotoxin concentrations and household characteristics were evaluated for each fraction. Both indoor and outdoor endotoxin concentrations were higher in PM 2.5 than in PM 10-2.5 . In both PM 2.5 and PM 10-2.5 , indoor endotoxin concentrations were higher than outdoor concentrations, and the indoor endotoxin concentrations significantly correlated with outdoor concentrations in each fraction (R 2 =0.458 and 0.198, respectively). Indoor endotoxin concentrations in PM 2.5 were significantly higher in homes with tatami or carpet flooring and in homes with pets, and lower in homes that used air purifiers. Indoor endotoxin concentrations in PM 10-2.5 were significantly higher in homes with two or more children and homes with tatami or carpet flooring. These results showed that the indoor endotoxin concentrations were associated with the household characteristics in addition to outdoor endotoxin concentrations.
| INTRODUCTION
Endotoxins, important biological components of airborne particulate matter (PM), are active lipopolysaccharides, which are cell wall components of the outer membrane of gram-negative bacteria.
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Exposure to endotoxins is known to induce pulmonary inflammation with a recruitment of macrophages and neutrophils. 2, 3 Previous studies have shown that exposure to endotoxins in settled house dust is associated with exacerbation of respiratory allergic diseases including asthma, and with increased asthma prevalence. 4, 5 A birth cohort study reported that exposure to endotoxins during infancy was associated with wheezing at age 3 years. 6 On the other hand, some studies have shown that high exposure to endotoxins during early infancy was protective against onset of asthma in childhood. 2, 7 Many previous studies have evaluated the effects of endotoxins on human health using the concentrations in house dust collected from flooring or bedding in the homes by vacuuming, as a surrogate for exposure to airborne endotoxins. 5, 6, [8] [9] [10] However, the concentrations of indoor airborne endotoxins may also be affected by factors within living environments other than house dust and endotoxins that have infiltrated from outdoor air. 11 In a longitudinal study, endotoxin levels in house dust were found to not be significantly associated with the levels of airborne endotoxins. 12 Therefore, direct measurements of airborne endotoxins are needed to evaluate the effects of exposure to endotoxins on human health accurately.
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PM with a wide range of sizes is suspended in outdoor air. Exposure to fine PM less than 2.5 μm in diameter (PM 2.5 ) and coarse PM with a diameter between 2.5 and 10 μm (PM 10-2.5 ) has adverse effects on human health. [13] [14] [15] PM 2.5 and PM 10-2.5 are present in indoor as well as outdoor air, and are reported to have adverse effects on respiratory morbidity in asthmatic patients. 16 Recently, some studies have analyzed the endotoxin concentrations in airborne particles, [17] [18] [19] and the endotoxin concentrations in each fraction after sampling airborne PM 2.5 and PM 10-2.5 separately according to aerodynamic diameters have been reported. [20] [21] [22] [23] The adverse effects of exposure to endotoxins in PM 2.5 and PM 10 on lung function and symptoms were reported in asthmatic children. 24 However, the methods for sampling and analyzing airborne endotoxins have not been standardized.
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In the present study, we collected PM 2.5 and PM 10-2.5 inside and outside homes of pregnant women who participated in a birth cohort study in Japan. The endotoxin concentrations in PM 2.5 and PM 10-2.5 were analyzed, and the indoor and outdoor concentrations were compared for each fraction. We then evaluated the relationships of the indoor endotoxin concentrations with various household characteristics.
| METHODS

| Study design
This study was conducted as an adjunct study outlined in the Japan Environment and Children's Study (JECS) protocol paper. 26 The JECS is an ongoing birth cohort study that began in 2011 to evaluate the effects of various environmental factors on children's health and development, and is being conducted in 15 regions across Japan. The study protocol was approved by the Ministry of the Environment of Japan. The purpose of this study was to examine the role of endotoxin exposure during pregnancy in Amagasaki, Japan, one of the study regions of the JECS. Amagasaki is an industrial city located in Hyōgo Prefecture in western Japan. The population of Amagasaki is approximately 466 000 (March 2014), and its area is approximately 49.8 km 2 .
The subjects of this study were pregnant women selected from the JECS participants in Amagasaki. The study protocol was approved by the Ethics Committee of Hyogo College of Medicine, and written informed consent was obtained from all participants.
| Home visits and sample collection
We visited the homes of 55 pregnant women who participated in the JECS study between February 1, 2014, and July 31, 2014. All of them were non-smokers, and it was confirmed that none of the other household members smoked in the home. Air samples were collected inside and outside the house, twice in each home, once during weekdays (from 0:00 on Thursday to 24:00 on Friday) and once on the weekends (from 0:00 on Saturday to 24:00 on Sunday) each for 48 hour using a timer. The sampling was conducted in five homes per week.
We collected PM 2.5 and PM 10-2.5 using portable air samplers (MP- The mass concentrations of PM 2.5 and PM 10-2.5 were measured by weighing the glass fiber filters before and after sampling using an ultra-microbalance with a sensitivity of 0.1 μg (UMX-2, Mettler-Toledo Inc., Columbus, OH), after storage for more than 24 hour at a constant temperature (23±0.2°C) and relative humidity (50±1%). Quartz fiber filters for the endotoxin assay were sterilized by dry heat at 250°C for 2 hour before use. After air sampling, the quartz filters were stored at −30°C until the analyses.
Household characteristics were evaluated using a questionnaire (Appendix in Supporting Information). We obtained meteorological data such as ambient temperature and relative humidity at the nearest monitoring station from the Japan Meteorological Agency. 
| Endotoxin assay
Endotoxins were analyzed using the kinetic Limulus Amebocyte Lysate assay (Pyrostar ES-F test, Wako Pure Chemical Industries, Ltd., Osaka, Japan). For the extraction of endotoxins, the quartz fiber filter was transferred into an endotoxin-free test tube with 1.9 mL endotoxinfree water and 0. 
| Statistical analyses
Descriptive analyses were performed to evaluate the distribution of endotoxin and mass concentrations of PM 2.5 and PM 10-2.5 . We examined the Pearson's correlation coefficients of endotoxin concentrations in PM 2.5 and PM 10-2.5 in relation to their mass concentrations and meteorological data.
As the endotoxin concentrations were roughly lognormally distributed, these values were converted to common logarithms for analysis.
We examined the relationship between indoor and outdoor endotoxin concentrations for each of PM 2.5 and PM 10-2.5 using linear regression. The relationship between endotoxin concentrations in PM 2.5
and PM 10-2.5 was also examined. Next, the endotoxin concentrations were compared according to various household characteristics, and the results were expressed as geometric means with 95% confidence intervals (CIs).
Mixed-effects models for each home were subsequently used to estimate the predictors of indoor endotoxin concentrations for PM 2.5
and PM 10-2.5 , respectively. The mixed model estimates both fixed and random effects and is suitable for a study in which multiple measurements are conducted for each subject. We fit a block-diagonal covariance structure in the models to account for the repeated mea- Descriptive statistics of endotoxin and mass concentrations of PM 2.5 and PM 10-2.5 are shown in Table 1 . Extremely high mass concentrations of outdoor PM 10-2.5 were detected from May 29, 2014, to June 1, 2014, and were attributed to an Asian dust event that was reported by the Japan Meteorological Agency. 27 During the event, the mass concentrations of outdoor PM 2.5 , and indoor PM 10-2.5 and PM 2.5
were also high. However, no contribution of endotoxin to the higher mass concentrations in either PM 10-2.5 or PM 2.5 was observed.
The endotoxin concentrations per cubic meter of collected air in both indoor and outdoor PM 10-2.5 were significantly higher during weekends than during weekdays ( Table 1 ). The endotoxin concentrations in both indoor and outdoor PM 2.5 were also higher during weekends, but the differences were not significant. Mass concentrations of PM 2.5 and PM 10-2.5 did not differ in relation to days of the week.
For both PM 2.5 and PM 10-2.5 , indoor endotoxin concentrations were significantly higher than outdoor concentrations. Both indoor and outdoor endotoxin concentrations were significantly higher in PM 2.5 than in PM 10-2.5 . In addition, endotoxin concentrations per milligram of PM 2.5 and PM 10-2.5 were also higher during weekends than during weekdays, although the differences were not significant (Table S1 ).
Both indoor and outdoor endotoxin concentrations per milligram of PM were significantly higher in PM 10-2.5 than in PM 2.5 , which were contrary to endotoxin concentrations per cubic meter of collected air. 
| Indoor endotoxin concentrations in relation to household characteristics
Endotoxin concentrations in indoor PM 2.5 and PM 10-2.5 in relation to household characteristics and sampling periods are shown in Table 3 .
Indoor endotoxin concentrations in both PM 2.5 and PM 10-2.5 were significantly lower in February and March than in other months, and higher in homes in which windows were open for more than one hour per day. Indoor PM 10-2.5 endotoxin concentrations were significantly higher in homes with two or more children than in homes with only one or no child. The concentrations were also higher in homes with tatami or carpet flooring than in homes with wooden flooring. concentrations were still significantly higher in homes with two or more children, in homes with tatami or carpet flooring, and in homes in which windows were open for more than one hour per day. Presence of a pet in the home, use of an air purifier, structure of the house, and floor level
were not related to indoor PM 10-2.5 endotoxin concentrations, before or after including outdoor PM 10-2.5 endotoxins. In the mixed-effects models in which temperature and relative humidity were replaced by sampling periods, the relationships of indoor PM 10-2.5 endotoxin concentrations with number of children and type of flooring were still significant in either model with or without outdoor PM 10-2.5 endotoxins (Table S3 ).
| DISCUSSION
Our results showed that the endotoxin concentrations per cubic meter of collected air were higher in PM 2.5 than in PM 10 ). 28 Considerably high concentrations of indoor airborne endotoxin have been measured in rural areas in Southern Germany and Switzerland (the geometric means were 150 and 7 EU/m 3 in inhalable particle (PM 7.5 ) and PM 2.5 , respectively).
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Thus, the endotoxin concentrations in PM 2.5 varied considerably among studies. The differences may be due to differences in sampling and extraction methods, as well as environmental differences in the study areas. 25, 29 Frankel et al. 30 reported a highly significant correlation between indoor and outdoor endotoxin concentrations in airborne inhalable dust. A significant association between indoor and outdoor endotoxin concentrations in PM 2.5 has been also reported in California homes.
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In the present study, we also observed that the endotoxin concentration in indoor PM 2.5 was significantly associated with the endotoxin concentration in outdoor PM 2.5 . In addition, the indoor endotoxin concentrations in both PM 2.5 and PM 10-2.5 were significantly higher in the homes in which windows were open for more than one hour per day.
These results suggest that a part of indoor endotoxins may be affected by outdoor endotoxins. Although the correlation between indoor and outdoor endotoxin concentrations in PM 10-2.5 was also significant, the degree was smaller than in PM 2.5 .
For both PM 2.5 and PM 10-2.5 , the indoor endotoxin concentrations were higher than the outdoor concentrations, suggesting that a part of indoor endotoxins may arise from indoor sources. Previous studies have also reported that endotoxin concentrations were higher in indoor PM 2.5 than in outdoor samples. 31, 32 On the other hand, studies in agricultural regions reported that outdoor endotoxin concentrations in PM 10-2.5 were higher than indoor concentrations, suggesting sources including agricultural dust and domestic animals. 33, 34 In the present study, the indoor endotoxin concentrations in PM 2.5 were significantly higher in homes with pets and in homes with tatami or carpet flooring, and lower in homes that used air purifiers, after adjusting for outdoor endotoxin concentrations. The indoor endotoxin concentrations in PM 10-2.5 were also significantly higher in the homes with tatami or carpet flooring, but did not differ in relation to there being a pet in the homes and the use of air purifiers. Alternatively, the indoor endotoxin concentrations in PM 10-2.5 were higher in the homes with two or more children.
Indoor endotoxin concentrations are associated with the type of flooring in the home. [35] [36] [37] A study in Baltimore showed that carpeting was associated with higher indoor airborne endotoxin concentrations, and suggested that carpeting may provide a favorable microenvironment for the growth of gram-negative bacteria, thereby producing endotoxins. 36 In our study, the indoor endotoxin concentrations in PM 2.5
and PM 10-2.5 were higher in homes with tatami or carpet flooring than in homes with wooden flooring, comparable to the Baltimore study.
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Pets in the home were significantly associated with higher indoor endotoxin concentrations in PM 2.5 , but not with those in PM 10-2.5 .
Previous studies reported that airborne endotoxin concentrations were higher in homes with furry pets. 34, 38, 39 By contrast, McNamara et al. 40 found that the number of pets in the homes significantly increased mass concentrations of PM 10-2.5 but not endotoxin concentrations. In Baltimore homes, no association between endotoxin concentrations and pets in the homes was found, presumably because of the small number of homes with pets in the study. 36 In our study, neither of the mass concentrations of PM 2.5 nor PM 10-2.5 was associated with pets in the homes (data not shown). However, we found a significant effect of pets in the home on indoor endotoxin concentrations in PM 2.5 , although the percentage of homes with pets was only 16.4%. Although effects of the number or types of pets on airborne endotoxin concentrations were found in previous studies, 12,39,41 we
did not evaluate such associations because of the small number of homes with pets.
The present study showed that the use of air purifiers decreased the indoor endotoxin concentrations in PM 2.5 . The use of air conditioning has been reported to be associated with reduced endotoxin concentrations in PM 10-2.5 . 34 Mazique et al. 36 also found that endotoxin concentrations decreased in relation to the use of air conditioners and air purifiers. However, the effect of using an air purifier was not significant in their study, which may be due to the low percentage of homes using air purifiers in the study (6%). The effects of types or operating time of air purifiers on endotoxin concentrations should be further evaluated.
Daycare centers, preschools, and kindergartens have been reported to have high endotoxin concentrations. 42 In child daycare centers in Paris, airborne endotoxin concentrations were higher than in dwellings, due to the activities of children and frequent diaper changes. 43 Wheeler et al. 34 found that the presence of more than two people in the home increased indoor endotoxin concentrations in PM 10-2.5 , suggesting the effects of human activity. Alternatively, concentrations of indoor airborne endotoxin were reported to be significantly negatively associated with floor area per person in a home. 44 In the present study conducted in the homes of pregnant women who participated in a birth cohort study, the indoor endotoxin concentrations in PM 10-2.5 increased in relation to the number of children, although the concentrations in PM 2.5 were not significantly high. The high endotoxin concentrations in PM 10-2.5 are considered to be due to the active movements of children in the homes. PM 10-2.5 may be more affected by human activities compared with PM 2.5 . 20 Furthermore, the endotoxin concentrations in PM 10-2.5 were higher during weekends than during weekdays. The difference in relation to days of the week may be also due to duration of human activities and length of stay in the home during weekends.
Many studies have reported the associations of endotoxin concentrations with temperature and relative humidity. 18, 41 Park et al. 45 found a positive association between airborne endotoxin concentrations and indoor humidity, implying that humidity may be an important factor controlling endotoxin exposure. Dales et al. 18 also found a positive association between indoor humidity and endotoxin concentrations. By contrast, Tager et al. 46 reported that endotoxin concentrations were inversely related to relative humidity. Carty et al. 47 found that the endotoxin concentrations were correlated positively with temperature and negatively with relative humidity. Traversi et al. 48 observed similar relationships and concluded that temperature has a predominant role in the endotoxin modulation of the environment. In a subtropical climate, it has been reported that both temperature and humidity were associated with lower endotoxin concentrations. 49 On the other hand, Singh et al. 50 reported that neither temperature nor relative humidity was associated with airborne endotoxin concentrations. Thus, there is no consensus on the associations of endotoxin concentrations with temperature and humidity. Moderate temperature and relative humidity may be most conducive to the growth of gram-negative bacteria. 51, 52 The present study showed positive relationships between temperature at the nearest monitoring station and the outdoor endotoxin concentrations in PM 2.5 and PM 10-2.5 . However, in mixed-effects models, the relationships between temperature and indoor endotoxin concentrations in PM 2.5 and PM 10-2.5 were not significant. It should be noted that we could not evaluate indoor temperature and humidity directly, because they had not been obtained in this study.
Floor level of the house was not correlated with the indoor endotoxin concentrations in either PM 2.5 or PM 10-2.5 , which is compatible with the results of a previous study. 44 No differences in endotoxin concentrations in relation to the structure of the house were shown, either. The effects of smoking tobacco on the airborne endotoxin concentrations have been reported. 53, 54 All the subjects of our study were non-smokers, and it was confirmed that nobody smoked in the home during the sampling period.
There are several limitations in this study. First, the measurements in all the homes were not conducted on the same days. We conducted the sampling in five homes per week for approximately six months.
Therefore, both temporal and spatial patterns of ambient endotoxin concentrations should be considered. 21 However, all of the homes were located in Amagasaki, Japan. The area of the city is small (49.8 km 2 ), and there is little difference in ambient environments in the city. Indeed, the differences in mass and endotoxin concentrations were small among the samples collected at the same time outside five homes located in various districts in the city. Therefore, we considered that there was little spatial variation and that the variations in indoor endotoxin concentrations were mainly attributable to the differences in the residential environments. Second, the present study was conducted for only six months. Seasonal variation in airborne endotoxin concentrations has been recognized. Many investigators observed that the endotoxin concentrations were higher in summer than in winter, 34,51,55 while higher concentrations have been found in winter than in summer in floodaffected homes of New Orleans. 56 In Beijing, China, high concentrations of endotoxin in ambient PM 2.5 have been reported in spring and winter. 52 In our study conducted from February to July, the endotoxin concentrations in PM 2.5 were high in June and July, compatible with many previous studies. Third, the sample size of our study was small (55 homes). However, monitoring was conducted twice inside and outside each home, and 220 samples were analyzed. The small number likely limited the ability to identify the factors associated with endotoxin concentrations. Nevertheless, we observed significant effects of some household characteristics. Fourth, detailed home activities, such as the frequency and methods of cleaning, cooking, and ventilation, were not surveyed in this study. It has been suggested that frequent cleaning reduces indoor endotoxin concentrations. 36, 57 Further studies with larger samples and detailed information on home activities are necessary to evaluate the predictors of indoor endotoxin concentrations.
In conclusion, this study showed that the indoor endotoxin concentrations in PM 2.5 and PM 10-2.5 were higher than outdoor concentrations for each fraction. The correlations between indoor and outdoor endotoxin concentrations were moderate in PM 2.5 and weak in PM 10-2.5 , although both correlations were significant. Indoor PM 2.5 endotoxin concentrations were significantly higher in homes with tatami or carpet flooring and in homes with pets, and lower in homes using an air purifier. Indoor PM 10-2.5 endotoxin concentrations were significantly higher in homes with two or more children and homes with tatami or carpet flooring. These results suggest that the household factors associated with indoor endotoxin concentrations are different depending on the particle size fractions. 
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